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We  describe  a  new  type  of  intersubband  GaAs/AIGaAs  infrared  detector  consisting  of  three 
stacks  of  quantum  wells;  the  quantum  wells  in  a  given  stack  are  identical,  but  are  different  from 
stack  to  stack.  Each  stack  is  designed  to  yield  an  absorption  and  a  photoresponse  at  a  different 
peak  wavelength.  The  resulting  device  is  an  infrared  detector  which  can  operate  in  a  number  of 
modes.  Among  the  features  of  this  device  are  a  wide-band  detection  domain,  a  tunable  response 
and  excellent  responsivities  and  noise  figures.  The  tunable  operation  includes  a  sharp 
peak-switching  response  which  follows  the  formation,  expansion,  and  readjustment  of  electric 
field  domains  within  the  multiquantum  well  region. 


Intersubband  quantum  well  detectors  have  recently 
been  the  subject  of  a  considerable  research  effort; 1-6  prop¬ 
erties  important  for  many  applications  are  a  wide  spectral 
response,7  preferably  over  the  atmospheric  window  8-12 
/xm  and  tunability  of  the  peak  wavelength.8'10 

We  report  here  on  the  operation  of  a  new  type  of 
bound-to-continuum  GaAs  infrared  detector,  consisting  of 
three  different  stacks  of  quantum  wells  arranged  in  series. 
All  the  wells  in  a  given  stack  are  identical,  but  each  stack 
is  designed  for  absorption  and  detection  at  a  different 
wavelength,  featuring  distinct  well  widths  and  barrier 
heights. 

The  detector  can  operate  in  one  of  a  number  of  modes. 
At  forward  and  low  bias  voltages,  the  response  peaks  at  a 
single  wavelength  ( ~1400  cm-1)  and  the  device  functions 
as  a  standard  bound-to-continuum  infrared  detector.2,3 
When  exceeding  a  temperature-dependent  critical  applied 
voltage,  the  detector’s  spectral  response  switches  to  a  dif¬ 
ferent  peak  wavelength  ( —  1 140  cm-1),  while  the  detec¬ 
tion  at  the  previous  peak  is  significantly  reduced.  At  a 
reverse  bias  the  detection  is  again  centered  on  the  higher 
energy  peak  (~1400  cm  -1)  up  to  a  specific  applied  volt¬ 
age;  for  moderately  higher  voltages,  two  peaks  yield  a  sig¬ 
nificant  photoresponse.  At  still  higher  values  of  the  reverse 
voltage  a  third  response  peak  appears,  which  results  in 
operation  as  a  wide-band  detector.  These  features  are  ac¬ 
companied  by  good  responsivity  and  detectivity  figures. 

The  structure  was  grown  by  molecular  beam  epitaxy 
on  a  semi-insulating  GaAs  substrate.  The  superlattice,  clad 
by  two  n-doped  contact  layers,  consisted  of  three  stacks  of 
25  quantum  wells  each;  the  first  25  wells  were  3.9  nm  wide 
and  were  separated  by  Al0  38Gao  62As  barriers;  the  second 
stack  consisted  of  25  quantum  wells  4.4  nm  wide  with 
Al0  30Gao.7oAs  barriers;  the  last  stack  had  25  wells  5.0  nm 
wide  and  Al0 24Gao ,76As  barriers.  All  the  barriers  were  44 
nm  long;  the  wells  and  the  contacts  were  uniformly  doped 
with  Si  to  n= 4x  1018  cm-3. 

The  absorption  at  zero  field  and  room  temperature  is 
shown  in  Fig.  1.  The  measurement  was  taken  with  a  Fou¬ 
rier  transform  infrared  spectrometer  in  a  waveguide  geom¬ 
etry;  1 1  the  absorption  of  light  polarized  in  compliance  with 
the  selection  rules  was  normalized  by  the  absorption  of 


light  polarized  in  the  perpendicular  direction,  to  allow  for 
only  the  intersubband  contribution.  The  absorption  peak  at 
1364  cm-1  is  due  to  the  3.9  nm  wells  while  the  stronger 
absorption  centered  at  964  cm-1  is  the  composite  contri¬ 
bution  of  the  two  other  species  of  quantum  well,  which, 
individually,  have  absorption  peaking  at  1080  and  920 
cm-1.  (This  was  verified  experimentally  with  a  few  two- 
stack  control  wafers).  These  results  fit  well  with  our  design 
values;  our  calculations,  which  included  band  nonparabo- 
licity12  and  a  band  offset  value  of  0.60,  anticipated  absorp¬ 
tion  peaks  at  room  temperature  at  1335,  1052,  and  880 
cm-1,  respectively.  In  each  of  the  three  different  types  of 
wells,  light  is  absorbed  by  electrons  excited  from  the  first 
subband  to  a  second  subband  which  is  located  close  to  the 
top  of  the  well.  The  blue  shift  in  the  experimental  values 
versus  the  calculated  ones  can  be  explained  by  the  omission 
of  the  exchange  interaction13  from  our  calculation;  for 
these  heavily  doped  samples,  the  correction  supplied  by 
many-body  effects  need  be  added. 

Devices  were  processed  out  of  the  grown  wafer  and 
prepared  as  etched  mesa,  200  gm  in  diameter.  Figure  2(a) 


FIG.  1.  Absorption  spectrum  at  room  temperature.  The  measurement 
was  performed  with  a  Fourier  transform  spectrometer  using  a  waveguide 
geometry;  the  spectrum  is  normalized  to  reflect  the  contribution  of  the 
intersubband  absorption  alone.  An  absorption  coefficient  a45— - 600  cm-1 
for  the  peak  at  1364  cm-1  was  derived. 
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FIG.  2.  (a)  Spectral  photoresponse  for  few  values  of  applied  positive 
voltage.  Note  the  switching  in  peaks  at  an  applied  voltage  around  6.5  V. 
The  responsivity,  at  the  peak  of  1 140  cm  1  and  the  applied  voltage  of  7.5 
V,  is  0.75  A/W.  (b)  Spectral  photoresponse  for  few  values  of  applied 
negative  voltage.  Note  the  broadening  in  the  spectral  response  below 
—  8.0  V.  For  still  lower  voltages  (around  —  13  V),  the  third  peak  begins 
to  contribute  (not  shown  in  the  figure).  The  units  are  the  same  for  both 
fa)  and  (b). 

displays  the  smoothed  responsivity  of  a  device  at  a  temper¬ 
ature  of  7  K,  for  different  values  of  the  applied  voltage;  the 
polarity  is  defined  here  as  positive  when  the  higher  poten¬ 
tial  is  applied  to  the  cap  layer  on  top  of  the  mesa.  It  is  seen 
that,  for  low  applied  field,  the  first  stack  of  3.9  nm  wells, 
closer  to  the  substrate,  provides  most  of  the  photocurrent 
at  the  appropriate  excitation  energies  around  the  peak  of 
1411  cm-1.  When  the  bias  is  increased  above  a  threshold 
of  6.5  V,  a  sharp  transition  takes  place  and  the  responsivity 
peak  switches  to  1 140  cm'1;  it  is  apparent  that  the  second 
stack  of  quantum  wells  is  now  responsible  for  most  of  the 
photocurrent,  while  the  contribution  from  the  first  stack 
has  sensibly  decreased.  If  we  apply  a  negative  bias  to  the 
detector  [Fig.  2(b)],  again  at  low  voltages,  the  photocur¬ 
rent  is  due  mostly  to  electrons  excited  in  the  first  stack  of 
wells;  the  responsivity  increases  with  the  applied  voltage, 
but  its  magnitude  is  always  less  than  that  corresponding  to 
the  same  forward  bias.  In  addition,  one  observes  that  the 
photocurrent  peak  around  1400  cm-1  is  much  broader  in 
the  forward  bias  mode.  When  the  bias  is  increased  to  more 
negative  values,  the  responsivity  extends  to  lower  energies, 


showing  increasing  contributions  from  the  second  stack: 
the  first  stack  continues  to  contribute  to  the  photocurrent, 
in  contrast  to  the  quenching  in  response  experienced  in  the 
opposite  polarity  of  the  applied  electric  field.  For  still  more 
negative  voltages,  it  is  apparent  from  our  results  that  the 
spectral  domain  of  significant  response  expands  to  still 
lower  energies,  to  include  contributions  from  the  third 
stack  of  wells,  around  900  cm-1. 

We  interpret  this  switching  behavior  as  due  to  the  for¬ 
mation,  expansion,  and  readjustment  of  stable  high  and 
low  field  domains  along  the  superlattice,  as  the  applied 
voltage  is  changed.  When  the  device  is  biased  with  a  pos¬ 
itive  polarity,  a  high  field  domain  is  created  in  the  region 
close  to  the  contact  electrode  within  the  first  stack  of  quan¬ 
tum  wells;  as  the  applied  voltage  is  increased,  the  domain 
spreads  to  include  more  and  more  of  the  25  wells  in  the 
stack,  while  a  complementary  low  field  domain  in  the  same 
stack  shrinks  progressively.  At  the  same  time  the  remain¬ 
ing  two  stacks  of  quantum  wells  experience  only  low  field 
domains  all  along  their  extent.  Thus,  photons  of  all  appro¬ 
priate  energies  are  absorbed  by  the  correspondingly 
matched,  highly  doped  quantum  wells;  however  only  elec¬ 
trons  excited  within  the  high  field  regions  are  swept  effi¬ 
ciently  towards  the  contacts  and  contribute  to  the  photo¬ 
current.  The  carriers  excited  in  the  region  of  low  field  have 
a  high  probability  of  being  recaptured  by  their  own  well, 
contributing  only  negligibly  to  the  current.  Once  the  ap¬ 
plied  voltage  reaches  a  value  large  enough  to  extend  a  high 
field  domain  to  as  many  of  the  25  wells  in  the  first  stack  as 
allowed,  the  corresponding  responsivity  reaches  its  maxi¬ 
mum  value.  When  the  applied  voltage  is  increased  further, 
a  high  field  domain  spreads  to  the  region  of  the  following 
25  wells  of  the  second  stack,  while  at  the  same  time 
quenching  of  the  high  field  domain  in  the  first  stack  occurs. 
Response  from  a  third  peak,  corresponding  to  the  third 
stack,  was  not  achieved  even  at  the  highest  values  of  the 
applied  forward  voltage,  indicating  that  the  spatial  region 
of  the  last  stack  is  always  in  a  low  field  domain.  When  the 
bias  is  applied  with  the  opposite  negative  polarity,  the  sit¬ 
uation  is  not  symmetric.  The  results  show  that  high  field 
domains  start  expanding,  as  before,  in  the  region  of  the  first 
stack  of  quantum  wells;  moreover  beyond  a  certain  mag¬ 
nitude  of  the  applied  voltage,  different  high  field  domains 
coexist  in  two  different  stacks,  and  ultimately,  at  still 
higher  applied  bias,  a  third  high  field  domain  forms — also 
in  the  last  stack  of  wells.  This  behavior,  shown  in  Fig.  2  for 
the  temperature  of  7  K,  persists  at  higher  temperatures.  In 
the  reverse  bias  direction,  one  observes  the  same  features 
also  at  77  K.  In  the  forward  direction  the  switching  of  the 
photoresponse  from  the  higher  energy  peak  to  the  lower 
one  is  observed  up  to  a  temperature  of  60  K;  the  critical 
voltage  at  which  the  switching  occurs  increases  with  tem¬ 
perature;  at  higher  temperatures  the  dark  current  at  the 
required  voltages  is  too  high  for  practical  detection  pur¬ 
poses. 

The  dark  current,  measured  with  a  cold  shielded  win¬ 
dow  is  shown  at  different  temperatures  in  Fig.  3.  A  fine 
structure  in  the  plateaux  of  the  I-  V  curves  ( not  resolved  in 
Fig.  3),  corresponding  to  regions  of  negative  resistance, 
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FIG.  3.  Dark  currents  at  different  temperatures. 


was  observed  and  is  due  to  sequential  resonant  tunneling; 
negative  differential  resistance  occurs  whenever  some  ex¬ 
cited  subband  in  one  well  is  aligned,  by  the  spreading  elec¬ 
tric  field,  with  the  ground  state  first  subband  in  the  adja¬ 
cent  well.  One  should  also  note  the  low  values  of  the  dark 
current,  which,  combined  with  a  responsivity  ranging  up  to 
0.75  A/W,  ultimately  yield  high  D*  for  this  detector  {D* 
=4x  10u  cm  Hzi/2  W_1  at  40  K  and  1140  cm'1). 

The  data  of  the  photocurrent  spectral  measurements 
were  taken  with  a  Fourier  transform  spectrometer,  com¬ 
plemented  by  a  setup  including  a  calibrated  black-body 
source  and  a  set  of  cooled  filters  for  different  wavelength. 
The  noise  equivalent  voltage  was  measured  with  a  spec¬ 
trum  analyzer  in  the  cold,  shielded  window  configuration. 

The  first  observation  of  electric  field  domain  in  super¬ 
lattices  was  reported  by  Esaki  and  Chang.14  In  recent  years 
there  have  been  additional  evidences  of  high  field  domain 
formation  in  various  superlattices.15'17  Most  experimental 
evidences  come  from  the  observation  of  a  fine  periodic 
structure  in  the  current-voltage  characteristics  similar  to 
our  observations.  Recently,  photoluminescence  spectros¬ 
copy  has  been  used  as  a  tool  to  complementarily  investigate 
the  pattern  of  high  field  formation  in  GaAs/AlGaAs  su¬ 
perlattices.  17 

An  analysis  of  the  domain  switching  behavior  of  our 
device  at  the  various  forward  and  reverse  bias  voltages  is 
needed  for  an  understanding  of  the  different  detector  re¬ 
gimes,  and  especially  of  the  observed  quenching  of  high 
field  domain  in  the  first  stack  of  quantum  wells  as  the 
voltage  is  raised  above  the  switching  value  of  6.5  V.  Such 
an  analysis  is  beyond  the  scope  of  this  letter  and  will  be 
presented  separately.  One  should  note,  however,  that  the 
large  switching  voltage  of  6.5  V  across  25  periods,  as  ob¬ 
served  in  the  photocurrent  measurements,  corresponds  to 
260  meV/period.  This  is  much  larger  than  the  excited 
state-ground  state  separation  ( E2-El )  of  1364  cm-1  (or 
169  meV)  as  inferred  from  absorption  measurements.  This 
seems  to  indicate  that  the  voltage  drop  across  a  low  field 
domain  period  is  nonzero  (in  agreement  with  a  nonzero 
linewidth  of  the  subband);  more  importantly,  it  also  shows 
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that  the  energy  separation  involved  in  the  sequential  tun¬ 
neling  transport  process  is  larger  than  that  involved  in  the 
absorption  process;  in  other  words  the  transport  relies 
heavily  on  energy  states  which  are  higher  in  the  contin¬ 
uum,  above  the  top  of  the  well. 

In  conclusion,  we  describe  a  new  type  of  intersubband 
detector.  Among  the  features  of  the  detector  are  a  wide 
spectral  response  and  a  tunable  voltage-controlled  multi- 
spectral  response.  The  performances  of  the  detector  in 
terms  of  responsivity  and  detectivity  are  comparable  to  the 
best  values  previously  reported  for  bound-to-continuum 
detectors.  In  addition,  we  have  attributed  the  special 
switching  properties  of  this  device  to  the  formation  and 
readjustment  of  high  field  domains  in  the  sample.  Finally 
we  have  shown  that  intersubband  current  spectroscopy  is  a 
valid  addition  to  the  experimental  tools  used  in  studying 
electric  field  domains  in  doped  or  otherwise  carrier-rich 
structures. 
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